The seismogenic pseudotachylytes from the Tribeč Mountains (Western Carpathians, Slovakia) were dated by means of the laser microprobe 40 Ar/ 39 Ar method. The Tribeč Mountain crystalline basement was buried to 5-7.5-km depths, where it experienced approximately 11107C and !2107C thermal conditions. The dated pseudotachylytes have spot ages between 58 5 1 and 46 5 1 Ma with a weighted mean age of 49.7 5 1.3 Ma, indicating that seismic activity caused their origin, the propagation of subvertical basement marginal faults, and/or the inception of basement unroofing processes in the southern part of the Central Carpathian Paleogene Basin. The extensional tectonics were responsible for the exhumation of basement highs and the opening of the intramontane depressions on the northwest margin of the Pannonian Basin.
Introduction
The evolution of relief and topography mirrors the endogenic and exogenic processes that are responsible for the uplift, erosion, and exhumation of rock blocks in mountain belts (e.g., England and Molnar 1990; Ring et al. 1999) . Generally, the dynamic interaction of processes controlling deformation of the lithosphere and those operating at its surface can be investigated as exhumation histories of mountains and sedimentary records in neighboring depressions. The spatial coincidence between the location of enhanced erosion, maximum crustal uplift rates, and lowest steepness indices suggests a positive feedback between erosional unloading and tectonic forcing (England and Molnar 1990) . Understanding the tectonic evolution of the relief-forming processes depends on our ability to determine the age of tectonic features-for example, ductile shear zones and brittle faults-on a variety of crustal scales. There are a number of isotopic dating methods suitable for dating shear zones that formed under mid-to lowercrustal conditions due to the higher temperatures of mineral formation and consequent isotopic equilibration of the Sm-Nd, U-Pb, and Rb-Sr systems, for example. It is difficult to determine the ages of brittle faults, formed in upper-crustal conditions (≤3007C), and where sedimentary or volcanic markers are absent. If fault movements cause differential vertical movements of crustal blocks that exceed a few hundred meters, it may be possible to determine the age of the fault movement by fission track and (U-Th)/ He thermochronology (Wagner and Van den Haute 1992; Reiners and Brandon 2006) , but where only minor or strike-slip displacement has taken place there is a paucity of tools for dating such structures. However, where pseudotachylytes occur they may be used to date fault movements. Small melt volumes generated during flash friction connected to the seismic/tectonic events in Earth's upper crust play a significant role in our ability to determine the age of the tectonic processes in orogenic belts and intracratonic areas. Pseudotachylyte (dark aphanitic fault-related rock composed of friction-derived melt material interspersed with refractory clasts and crystals from the host rock) is thought to have formed in response to seismic activity during the collapse phase of meteorite impact craters and rapid tectonic faulting or landslides (e.g., Philpotts 1964; Sibson 1975; Magloughlin and Spray 1992; Reimold 1995) . The high potassium content of the melt material derived from the host-rock micas and/or amphiboles makes pseudotachylyte an ideal candidate for 40 Ar/ 39 Ar dating (e.g., Reimold et al. 1990; Sherlock and Hetzel 2001 ; see also Sherlock et al. 2008 Sherlock et al. , 2009 . In this study, 40 Ar/
39
Ar laser-probe dating has been applied to pseudotachylytes from the Tribeč Mountains of the Western Carpathians.
The European Alpides (Alps and Carpathians) terminated outward expansion approximately during the Eocene-Miocene interval, and tectonic uplift and exhumation shifted into the orogen interior (e.g., Csontos et al. 1992; Kováč et al 1994; Kováč 2000; Froitzheim et al. 2008; Minár et al. 2011 ). This transfer is consistent with a change from orogenic construction to orogenic destruction, reflecting an increase in the ratio of erosional flux to accretionary flux.
40
Ar/ 39 Ar ages of pseudotachylytes from the Tatra Mountains reflect initial basement exhumation of these mountains (Kohút and Sherlock 2003) Ar laser microprobe data from these pseudotachylytes and to discuss EoceneMiocene tectonic activity within the Tribeč Mountains and sediment supply to the surrounding areasthe southern margin of the Central Carpathian Paleogene Basin (CCPB) and the northwestern margin of the Pannonian Basin.
Geological Setting
The Western Carpathians are the northernmost part of the Carpathian orogenic belt, joining the Eastern Alps in the west, continuing eastward to the Eastern Carpathians, and bordered to the north by the European Platform and to the south by the Neogene Pannonian Basin. The Western Carpathians record a complex history that includes Variscan and Alpine orogeny. Three orogen-parallel pre-Alpine principal structural zones form the internal parts of the Western Carpathians (Inner Western Carpathians [IWC] ) from the north to the south: the Tatric, the Veporic, and the Gemeric Superunits ( fig. 1a ; Andrusov 1968; Plašienka 1999) . These principal superunits comprise Variscan crystalline basement and its sedimentary cover and are defined as thick-skinned crustal sheets that were tectonically juxtaposed through north-directed thrusting in the early Late Cretaceous (Andrusov 1968) . Cenozoic evolution of Western Carpathian basement areas is problematic because of a lack of suitable data (Kováč 2000) . Recent ideas are based on the work of Kováč et al. (1994) , who concluded from geochronological, stratigraphic, and fission track data that internal (southern) parts of Tatric domains were exhumed and cooled to near surface conditions in the course of postorogenic unroofing during early Paleogene times (55-35 Ma), with waning toward the external border to the north. Contrary to this, Kázmér et al. (2003) and Danišík et al. (2004 Danišík et al. ( , 2008 Danišík et al. ( , 2010 Danišík et al. ( , 2011 , based on sedimentological, fission track, and thermal modeling data, pointed out that the CCPB forearc basin played a more important role in the geodynamic evolution of the IWC than was previously thought. These authors proposed that during the Eocene period the pre-Cenozoic basement of the IWC underwent maximum burial, when it was loaded by a thick pile of CCPB sediments. While Kováč et al. (1994) favor a progressive exhumation and simple cooling of crystalline complexes migrating from internal parts of the belt toward the orogenic front, Danišík et al. (2004 Danišík et al. ( , 2008 Danišík et al. ( , 2010 Danišík et al. ( , 2011 argued for a complex thermal history with at least one phase of reheating related to a Paleogene sedimentary burial and/or the Miocene mantle upwelling associated with volcanic activity that caused increased heat flow (the Miocene thermal event; Danišík et al. 2008 ) and gradual Miocene sedimentation.
The Tribeč Mountains represent the western part of the core mountain inner belt of the Tatric Superunit ( fig. 1 ) of the Central Western Carpathians (Andrusov 1968; Plašienka 1999) . The Tribeč Mountain crystalline basement comprises pre-Mesozoic metamorphic and granitic rocks overlain by Mesozoic sedimentary cover sequences and nappes. The Tribeč Mountains form an asymmetric horst structure that trends northeast-southwest and dips toward the southeast and is flanked by two Neogene depressions, the Komjatice Depression on the east and the Rišňovce Depression on the west. These two Neogene depressions form the northern margin of the Pannonian (Danube) Basin. The geological structure of the Tribeč Mountains is relatively simple: crystalline basement is predominantly a deeply eroded Variscan granitic pluton that is well exposed in the central core of the range, whereas the Mesozoic cover complexes, locally affected by Alpine metamorphism, are preserved in the marginal parts. The Mesozoic nappe units are sparsely conserved in northeastern and southwestern marginal parts. Borehole RAO-3 was drilled in the central part of the mountains (GPS coordinates: N48726 These granitic rocks were recently dated by the secondary-ion mass spectrometry (SIMS) U-Pb zircon method to be ca. 368 5 2.5 to 358 5 2.9 Ma (Broska et al. 2013) , and biotite 40 Ar/ 39 Ar stepheating ages demonstrated that the biotites had been thermally disturbed, with cooling ages between ca. 380 and 334 Ma (Kráľ et al. 2002) . The studied pseudotachylytes form veins between 0.5 and 2.5 cm in thickness and branched dendritic injection veins of !0.5 cm in thickness. The pseudotachylytes are typically dark gray; the matrix comprises hematite (5%-45%), albite, and K-feldspar, whereas frequent host-rock clasts are formed by feldspars and quartz ( fig. 2 ).
The Tribeč Mountains and neighboring intramontane depressions-Rišňovce and Komjaticeoriginated as a result of extensional tectonics during the Cenozoic in the IWC. The Miocene sediments of these two depressions overlie eroded and tectonically disrupted pre-Cenozoic substratum that has been drilled in several boreholes ( fig. 5 ). It is noteworthy that there were no Paleogene sedimentary remnants identified in the vicinity of the Tribeč Mountains, and the nearest surface appearances of the Paleogene strata are ∼20 km north from the Tribeč Mountains, in the Bánovce Depression ( fig. 1a) . Indeed, the Paleogene superficial occurrences are not extensive because of the Miocene cover. Up to 1300 m of the Eocene (Bartonian to Priabonian) carbonaceous breccias and conglomerates, sandstones, bioclastic limestones, clays and claystones, and flysch sequences were drilled in borehole BnB-1, located in the center of a fault-bonded irregular structure, due to hydrothermal exploration, according to Gross in Elečko et al. (2008) . The Lower Miocene (Eggenburgian to Karpatian) marine to brackish sedimentary fill and the Middle Miocene (Badenian to Sarmatian) brackish to limnic or lacustrine sediments of the Bánovce Depression reach up to 2500 m, whereas in the adjacent (southwest-continued) Rišňovce Depression these strata reach up to 3500 m in thickness (e.g., Biela 1978; fig. 5 ). The Neogene sediments of the Komjatice Depression have a stratigraphic range of the Middle Badenian (Middle Miocene) to Pliocene reaching up to 3000 m (Biela 1978) . The sedimentary fill during the Miocene megacycle was characterized by a gradual decrease in salinity of the depositional environment. There are three lower-order shallowingupward cycles in the sedimentary record, while the depositional environment changed from marine to brackish, brackish, and lacustrine swamp, with coal deposition in the northwestern margin of the Pannonian Basin. This succession is overlain by a Pliocene cycle composed of deltaic and fluvial deposits (Hók et al. 1999 ).
Analytical Methods
In situ laser microprobe 40 Ar/ 39 Ar spot analyses were performed at the Open University (Milton Keynes, United Kingdom) using a New Wave 213-nm UV laser coupled with a Nu Instruments Noblesse noble gas mass spectrometer. Pieces of polished thick sections (∼300-mm thick) were cleaned in alternate methanol and deionized water prior to being packaged in aluminium foil. Samples were irradiated at McMaster (Canada) for 50 h, and neutron flux was monitored using biotite standard GA1550, with an age of 98.8 5 0.5 Ma (Renne et al. 1998 ) and a calculated J value of 0.0121 5 0.000064. All analyses were performed on areas of friction melt (pseudotachylyte), taking particular care to avoid entrained or refractory mineral clasts and to avoid regions at the vein margin that could be ultracataclasite rather than melt (e.g., Sherlock et al. 2009 Plotting the ages as a function of probability ( fig. 3) identifies a common pattern of decreasing probability with age. There are two possible interpretations: (1) the incorporation of refractory host-rock minerals and clasts provide an older 40 Ar/ 39 Ar age component that is subordinate to the "pristine" melt component (e.g., Kohút and Sherlock 2003; Sherlock et al. 2004) or (2) fig. 4) , which can be interpreted as the incorporation of refractory mineral pieces that have a precursor excess 40 Ar E component trapped in fluid inclusions (e.g., Sherlock et al. 2009 ). The weighted mean age of 49.7 5 1.3 Ma coincides with the highest probability age in figure 3 . This pseudotachylyteforming event is most likely connected to the Middle Paleogene-Eocene (ca. 49-46 Ma) seismic/tectonic events suggested for the southern part of the CCPB. However, we suppose propagation of the subvertical basement marginal faults during this time in the Tribeč Mountains to be a consequence of the continent-continent collision between the European and the Adriatic promontory as a result of the lateral extrusion model (Ratschbacher et al. 1989 ). These marginal faults facilitated subsequent unroofing of Tribeč Mountain basement during the EoceneMiocene extensional and transpressional processes ( fig. 5 ).
Discussion
The Western Carpathian pre-Cenozoic substratum in the Tatric Unit comprises pre-Mesozoic crystalline basement (dominated by Variscan granitic rocks and metamorphites, with scarce remnants of older metaigneous and metasedimentary rocks)-parautochthonous sedimentary units that represent the Mesozoic cover sequence, mainly carbonate lithologies that are Lower Triassic to Albian in age. The Upper Mesozoic nappe structure is represented by the Fatricum and Hronicum nappes. Fatricum is generally built by similar Triassic to Cretaceous carbonate lithologies comparable to the cover sequence, with a minor contribution from clastics, and have comparable stratigraphic span (Lower Triassic to the Albian), whereas pre-Alpine basement fragments are present only locally (Hók et al. 1994; Froitzheim et al. 2008) . Hronicum is the uppermost large cover nappe system, and at its base it has a thick pile of Late Paleozoic volcanics and clastics, followed by a huge Triassic carbonate succession and scattered Jurassic and Lower Cretaceous remnants. It is noteworthy that the Mesozoic rock successions do not exceed 4.5-5 km in thickness, including local internal imbrications. However, the Gosau Upper Cretaceous (postnappe stacking sedimentary sequence) has not been identified near the study area, and because the Gosau posttectonics sediments are only known close to the Klippen Belt in the IWC, we suggest that the 4.5-5-km Mesozoic rock pile is the maximum that could have covered crystalline basement in the Tribeč Mountains before sedimentation of the Paleogene strata. There was a long period (∼30 m.yr.) from the Coniacian to the Ypresian before a new period of sedimentation began within the CCPB; on the other hand, we cannot exclude potential continental sedimentation that was eroded later in the study area. During Paleogene times, the CCPB developed on the northern edge of the ALCAPA plate as a forearc basin. Generally, sedimentation in the CCPB began by shallow-water transgressive coarse-grained clastics during the Ypresian (57-55 Ma; Gross et al. 1984) , derived mainly from the base Hronicum carbonates, and these breccias, conglomerates, and sandstones are mainly found near the Klippen Belt ( fig. 1a) at present day. The Paleogene sedimentation around the Tribeč Mountains (southern branch of the CCPB, according Chmelík in Buday et al. 1967 ) started ∼10 m.yr. later, in the Lutetian, similarly over the Hronicum base, from which coarse-grained clastics were also derived. The maximum thickness of the Paleogene sediments beneath the Miocene strata in the Bánovce Depression and neighboring the Horná Nitra Depression and the Handlová Depression do not exceed 1500 m today. Interestingly, the first Paleogene conglomerates containing pebbles and boulders from the surrounding crystalline basement appeared in the Horná Nitra Depression and the Handlová Depression at the Bartonian-Priabonian boundary (ca. 37 Ma) as intraformation breccias, the Podremata conglomerates (Zlinská and Gross 2013) . Although Danišík et al. (2004) suggest that the Tribeč Mountains were uplifting during the Eocene and massive contemporaneous sedimentary records in the Bánovce Depression, the Horná Nitra Depression, and the Handlová Depression indicate progressive subsidence in neighboring areas, we cannot exclude possible Lower Eocene sedimentation over the Tribeč Mountains before their uplift. However, variegated georelief must have already existed in the Paleogene, and depositional basins were separated from exhumed denudation planation surfaces by normal faults at the beginning of the EoceneMiocene extensional exhumation tectonics in the IWC. Figure 3 . Cumulative probability plot for analyzed pseudotachylyte ages constructed using Isoplot (Ludwig 1999) . The pseudotachylyte age is best explained by the main peak, whereas the incorporation of refractory host-rock minerals and clasts have provided older ages. A color version of this figure is available online. Quantifying the integrated erosion and sink processes raises the question of how deep the pseudotachylytes formed in the studied area. Pseudotachylytes are produced at shallow (2-10 km) and midcrustal (10-20 km) levels (Di Toro et al. 2009 and citations therein) as a consequence of the intermediate and deep earthquakes from greater depth. Field and theoretical studies as well as petrological and structural studies demonstrate that the pseudotachylytes were generated by relatively high-stress seismic faulting in crystalline sialic crust at a depth of ∼4-5 km (Sibson 1975; Toyoshima 1990) linked to brittle regimes. Other pseudotachylytes are closely linked to plasticductile regimes associated with greenschist, amphibolite, and/or granulitic facies mylonites (Sibson 1980; Passchier 1982; Clarke and Norman 1993; White 1996) . When trying to constrain the depth of pseudotachylyte formation, it is necessary to take into account the eroded rock pile: ∼0.5-1 km of the eroded crystalline basement, 4.5-5 km of the Mesozoic cover and nappe sediment sequences, and 0.5-1 km of the Paleogene uncertain sediments. This implies that Tribeč Mountain pseudotachylytes were derived at depths of no more than 5.5 to 7 km. This is a minimum estimate for the depth of their burial and their present position, close to the surface, and it suggests the magnitude of their exhumation.
While the pseudotachylyte 40 Ar/ 39 Ar age dating presented here is new in the Tribeč Mountains, the earlier Alpine tectonic deformation of the Tribeč Mountain granitic rocks has been documented on white micas from shear zone mylonites, with 40 Ar/ 39 Ar staircase spectra indicating that mylonitization occurred before ca. 71-63 Ma (Kráľ et al. 2002) . Additional Tribeč Mountain thermochronological data can be found in the work of Kováč et al. (1994) , who presented one zircon fission track (ZFT) age of 53 5 12 Ma and one apatite fission track (AFT) age Figure 5 . Geological cross section of the studied area. The situation in the Rišnovce Depression is modified from Elečko et al. (2008) , and that in the Komjatice Depression is modified from Hók et al. (1999) . A color version of this figure is available online. Figure 6 . Thermal history of the Tribeč Mountain pseudotachylytes. The time-temperature path is derived from zircon fission track (Kováč et al. 1994 ) and apatite fission track (Danišík et al. 2004) analysis. Thermal modeling results of apatite fission track analysis are taken from Danišík et al. (2004) . Pst p pseudotachylyte. A color version of this figure is available online. of 28 5 1 Ma determined using an old population method (POP), whereas Danišík et al. (2004) reported four AFT ages from the Tribeč Mountain crystalline basement ranging from 43.7 5 2.9 to 34.8 5 1.9 Ma determined using a modern external detector method. These data suggest that Tribeč Mountain pseudotachylytes originated between 53 5 12 and 43.7 5 2.9 Ma in host-rock granodiorites between 2107C and ∼1107C and/or indicate a significant and widespread Eocene exhumation event ( fig. 6 ). It is notable that our previous pseudotachylyte dating from the Tatra Mountains (Kohút and Sherlock 2003) yield similar ages varying between 58 and 31 Ma, with a weighted mean of 43.6 5 1.4 Ma. However, thermochronological dating has yielded other results for the surrounding Tatra Mountain granodiorites: ZFT ages varying from 73.1 to 62.6 Ma (Králiková 2013) , zircon U-Th/He (ZHe) ages varying from 45 to 40 Ma (Śmigielski et al. 2012) , and AFT ages varying from 20.3 to 9.3 Ma (Śmigielski et al. 2012; Králiková 2013) . There is good correlation with the model of Kirpatrick et al. (2012) in low-temperature geochronology, where the timing of pseudotachylyte formation was the same as the ZHe age. Assuming a geothermal gradient of 307C/km and ZHe closure temperatures of ∼1907 5 107C (Reiners et al. 2004) implies that the Tatra Mountain pseudotachylytes might have formed at a similar depth of ∼6 km. It is apparent that both occurrences of well-documented pseudotachylytes in the IWC originated from seismic activity following a period of quiescence in the sedimentary record and mirrored inception phases of the Paleogene extensional tectonics in the Western Carpathians.
Conclusions
Taking into account the recent geological situation, the Paleogene and Neogene sedimentation, modern ZFT and AFT data, and our pseudotachylyte dating, we can conclude the following.
1. The study area is part of the CCPB. Its sedimentation began at the Paleocene-Eocene boundary (proximal-northern part near the Klippen Belt in Ypresian) or at the Eocene Bartonian-Priabonian boundary (southern part of the CCPB surrounding the Tribeč Mountains, e.g., the Bánovce Depression, the Horná Nitra Depression, and the Handlová Depression).
2. The maximal burial of the southern part of the CCPB (surrounding the Tribeč Mountains) is likely to have occurred ca. 50-46 Ma, although the sedimentary record is missing in neighboring intramontane basins-the Rišňovce and Komjatice Depressions.
3. The seismogenic pseudotachylytes document tectonic activity from the Tribeč Mountains (weighted mean age: 49.7 5 1.3 Ma) and indicate the beginning of the Eocene exhumation due to extensional tectonics of the broad southern part of the CCPB rather than prolonged progressive burial, given the general absence of Paleogene sediments in surrounding areas.
4. During the Miocene, the Tribeč Mountain crystalline basement progressively eroded, and the neighboring Neogene Rišňovce and Komjatice Depressions at the northwestern margin of the Pannonian Basin were filled by contemporaneous strata.
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